Abstract. Protein-rich distillers dried grains (DDG) from ethanol plants has been used as livestock
Introduction
The United States is the largest producer of corn in the world; as per USDA statistics, the total production of corn in the year 2003-2004 is 295 MMT, contributing 43% of the total corn produced in the world. Over the years, the use of corn as feed and food ingredients is increasing. Moreover, due to the depletion of non-renewable energy sources such as oil and natural gas, considerable importance has been given to the production of renewable energy sources like bioethanol from corn. Over the past few decades, ethanol has become poised to fill the gap of increasing fuel needs, including the oil embargo during late seventies, phasing out of lead due to environmental pollution during early eighties, the clean air program in the nineties, and the potential ban of Methyl tertiary butyl ether (MTBE) during recent years. Over the years, there has been considerable discussion on the net energy produced from corn ethanol processing. Due to continued research and technology advancements over the years, the net energy produced including transportation to the consumers was increased to 0.56MJ/MJ of the ethanol produced from corn regardless of the ethanol production technology employed (Seungdo et. al.) . The ethanol utilization pattern in the United States is found to be increasing continuously over the years and the total ethanol production in the year 2004 is 3.5 billion gallons. It is estimated that the ethanol production is expected to increase by 3 fold in the next 10 years.
Ethanol is produced via two main techniques: wet mill processing and dry mill processing. The main difference between the two is the initial treatment of the grain. In wet milling, the grain is steeped in water along with dilute sulphurous acid for 24 to 48 hours. After steeping, the corn slurry is ground and the various components are removed mechanically. The products of wet milling include corn oil, wet feed products, gluten meal, starch, and ethanol. In dry milling, the entire corn kernel is ground into flour; then the starch is converted to dextrose and simple sugars by enzymatic fermentation. The simple sugars are converted to ethanol using yeast. The products of dry milling include ethanol, distillers dried grains, solubles, and carbon dioxide.
Due to smaller required initial investment, as well as advancements in fermentation technologies, the number of corn dry mills in the United States is increasing rapidly. In dry milling, each bushel of corn typically yields approximately 2.7 gal of ethanol, 18 lbs of dried distillers grains with solubles (DDGS), and 18 lbs of carbon dioxide. Distillers dried grains, which are rich in protein, are mainly fed to the dairy and beef cattle, due to their high nutrient content. In the next decade, the ethanol processing is predicted to increases by at least three times, as will the production of DDGS. If these production increases occur, the current DDGS market outlet as a feed ingredient for ruminant diets could near saturation, which will be impact the demand for these feed materials. Thus, altenative markets will need to be pursued. Aquaculture is one of these potential markets.
Some research work has been carried out on utilizing DDGS as a source of feed ingredients for aquaculture. James et al. (2000) studied the performance of pelleted and unpelleted DDGS in a polyculture of fresh water prawn and tilapia, and found that DDGS provided economical growth in tilapia and improved overall pond efficiency in the fresh water prawn culture. Another study (James et al., 1993) tested the performance of a combination of soybean meal and distiller dried grains as a source of protein, and was compared with fish meal as a source of protein in a prawn culture. Their results indicated that fish meal can be partially or even totally replaced with soybean meal and distillers dried grains in diets for pond production of fresh water prawn in the temperate regions. These studies indicated that DDGS is a potentially economical material that can be used as a base material for fish feed. Therefore, the goal of this paper is to discuss issues related to utilizing distillers grains in aquaculture feeds, including nutrient content and quality of distillers dried grains, aquaculture feed the formulation techniques, with special reference to Tilapia fish, research carried out on aquaculture feed with products from ethanol industries, essential fish feed properties, and effects of feed processing parameters on the final feed properties during steam pelleting and extrusion processing.
Nutrient Content and Quality of Distillers Dried Grains with Solubles
Distillers dried grains (DDG) and distillers dried grains with solubles (DDGS) are rich in nutrient content compared to corn (i.e., most nutrients show approximately a three-fold concentration as a result of fermentation). During processing, the residue remaining after distillation is separated into ethanol and stillage. The stillage contains a solid portion, known as distillers grains, and a soluble portion, known as solubles. The soluble portion also contains many nutrients. Generally in ethanol plants the soluble fraction is mixed with the solid stream and dried. Thus the final dried product is sold as distillers dried grains with solubles (DDGS).
The original quality of the raw corn grain, as well as processing conditions, play important roles in the resulting quality of the DDGS produced. For example, there can be large differences in the nutrient content and quality of DDGS produced at different plants. Cromwell et al. (1992) studied the DDGS obtained from nine different industries and analyzed them for physical, chemical, and nutritional characteristics. The color of the DDGS was determined by Hunter colorimeter. The L* value, which measured lightness, was in the range of 29.0 to 53.2; the a* value, which measured green to red, was in the range of 6.1 to 7.1; and the b* value, which measured blue to yellow, was in the range of 12.4 to 42.1. The dry matter content of these samples was in the range of 87.1 to 92.7 with an average value of 90.5%. The crude protein ranged from 23.4 to 28.7%, with an average value of 26.9%. Additionally, they found a large variation in fat content, from 2.9 to 12%, between the samples. The ash content was in the range of 3.7 to 7.3%. The acid detergent fiber (ADF) and neutral detergent fiber (NDF) were in the range of 28.8 to 40.3%, and 10.3 to 18.1%, respectively. In another study, in order to determine the nutrient shift during fermentation, Victor et al. (1986) separated DDGS into different size fractions and determined the nutrient content of each of the fractions. The yield through sieves #50-80, and though sieve #80 were 14 and 3%. The two fractions contained 42.1 and 49.3% of protein compared to 14.5 to 29.3 % in the larger size fraction samples.
Nutrient content of DDGS has also been determined by different methods and different extraction processes. Victor et al.(1986) studied the nutrient quality of DDGS with supercritical carbon dioxide. They extracted the protein at 3 different levels of pressure (63, 580, 68, 800 , and 81,600 kPa) with different levels of water and ethanol treatments. Their work resulted in protein contents ranging from 31.7 to 33.7%, fat contents from 0.4 to 7.8%, crude fiber between 15.1 and 18%, and ash contents of 1.7 to 1.9%. Charles et al. (1992) studied the nutrient content of DDGS by Near Infrared Reflectance (NIR) analysis and standard Kjeldahl method. The protein content varied from 13.5 to 30.4 % by Kjeldhal method, and 14.0 to 30.5% by NIR analysis. The crude fiber content ranged from 14.6 to 24.6% by standard lab methods and 14.6 to 23.6% by NIR. Neutral and acid detergent fiber levels were 56.5 to 78.9%, and 22.2 to 32.4%, by lab methods, and 61.6 to 84.1% and 24.2 to 35.1% by NIR methods, respectively.
Protein quality of DDGS can be expressed by amino acid profile, which plays an important role in the quantity of this material that can be incorporated into animal feeds as ingredients. The amino acid contents of nine different sources of DDGS were tested by Cromwell et al. (1992) ; their results are summarized in Table. 1. Amino acid profiles of these samples, which were obtained from different ethanol plants, were very similar, which indicates that there were similar changes in protein quality during the fermentation process. et al. (1987) compared the protein quality of DDGS with whole corn. They found that the amino acid profile of DDGS was very similar to whole corn, and concluded that the amino acids profile was generally retained throughout the fermentation process. The same authors have studied the digestibility of protein in DDGS with the bioassay method, and compared the quality of DDGS with a reference casein at the Animal Nutrition Research Council (ANRC). The resulting amino acids showed a protein efficiency ratio (PER) value little less than 1 for DDGS. This indicates that the digestibility of the DDGS is comparable to any other grain. Thus, distillers grains appear to have potential for use in aquaculture diets as well as traditional livestock diets.
Tilapia Feed Requirements and Formulations Techniques
The average protein component in the fish body is 65-75%; thus protein is the basic building nutrient in fish feed. Typically, dietary protein requirements for fish are much more than for terrestrial animals. Dietary protein content balancing is of primary importance in fish feed formulation. (Jauncey and Ross, 1982) . The cost of protein sources accounts for more than half of fish feed ingredient costs. High quality fish feed, which will produce maximum growth, depends on several factors:
1. Quantitative protein content 2. Qualitative protein content 3. Total and digestible energy content 4. Level of intake, feeding method, and physiological state of the fish
Quantitative Protein Requirements
In fish feed formulation, two important factors to consider are percentage of protein in the ingredient and protein cost. Generally, in fish cultivation, as feed protein content increases, the growth rate also increases, until a maximum level is reached beyond which no further increase in growth rate is observed. Hence an optimum level of dietary protein must be determined by the relationship between cost of the feed ingredient, nature of the fish farming operation, capital investment, and fish market trends. For example, optimum levels for protein requirements, depending on specific physiological state of Tilapia fish, is given in Table 2 (Jauncey and Ross, 1982). (30, 35, 40, 45 , and 50%) and three energy levels (300,400 and 500 kcal GE/100 g) and tested them with tilapia fry in an aquarium for four weeks. At all protein levels, fry fed with low energy diets (300 kcal/100g) exhibited poor growth and feed conversion efficiency, as well as high mortality rates compared to the other groups fed with 400 kcal/100g and 500 kcal/100 g diets. As the protein and energy levels increased, the feed conversion efficiency increased and mortality rates decreased; the best growth and feed utilization was achieved at 45% protein and 400 kcal/100 g diet. At 50% protein, no further improvement in fish growth and feed conversion was observed. Wu et al. (1997) conducted several experiments to determine the amount of DDGS that can be incorporated in to Tilapia diets. Using tilapia fry with an initial weight of 0.5 g, they tested seven diets containing different levels of corn gluten meal, soy flour, corn gluten feed, and distillers grains with solubles, with protein contents adjusted to 28 and 32%. They concluded that the diet containing 28% protein with soy flour and corn gluten feed was adequate for tilapia fry based on weight gain, feed conversion ratio, and protein efficiency ratio. Shawn et al. (2004) formulated four isocaloric diets (Diet 1(control): soybean meal, fish meal; Diet 2: DDGS, fishmeal; Diet 3: DDGS, meat and bone meal; Diet 4: DDGS, soybean meal) with 30% protein, and tested them with juvenile hybrid tilapia. There were no significant differences in weight gain, specific growth rate, feed conversion ratio, or protein efficiency ratio between Diets 1, 2 and 3. These results also showed that the diet without animal protein did not have an acceptable growth rate.
In another study, Victor et al. (1994) examined two diets containing 32% protein both with and without fish meal, and a diet containing 36% protein without fish meal. These were tested in tilapia culture for a period of 103 days. All diets contained ground corn, soy flour, corn distillers grains with solubles, soy oil, fish oil, vitamin mix, and mineral mix. The results showed that the diet containing fish meal with 32% protein produced no significant increase in weight gain and protein conversion efficiency compared to the 32% protein diet without fish meal. There was significant increase in weight gain of the tilapia fed with 36% protein compared to the 32% protein diet, however.
Qualitative Protein Requirements
Qualitative protein requirements are determined by examining the ratio of the essential amino acids required by the fish to the quantity of essential amino acids present in the feed ingredients. For tilapia fish, 10 amino acids have been found to be critical; recommended percentages of these amino acid requirements for different fish species are provided in Table 3 (Lovell, 1989) . where a to j are the percentage of EAA in the diet; a e to j e are the percentage of the EAA required; n is the number of terms in the expression. If any of the terms of the form 100a/a e are greater than 100, it is reduced to 100 for the calculation of the EAAI.
The amino acid profile of nine different sources DDGS was studied by Cromwell et al. (1992) , summarized in the Table 1 , and have already been discussed. Amino acids are heat sensitive, thus overheating may lead to reduced availability of lysine (due to Maillard reactions) partial destruction of cystine, and perhaps of other amino acids as well (Cromwell et al.1992) . In order to balance the amino acid requirements, other ingredients which are rich in amino acids, such as soy flour, must be added to DDGS. Victor et al. (1997) tested fish feed formulated with DDGS and balanced the amino acid by proper selection of other ingredients such as soy flour and ground corn. They reported that for tilapia fish feed prepared from DDGS, balanced amino acids can be achieved without the addition of fish meal.
Total and Digestible Energy Content
The total energy content of a fish feed is determined based on the fractions of protein, lipid, and carbohydrate contributing to the dietary energy. Total energy content is calculated based on energy contents of 4.5 kcal/gm for protein, 9.1 kcal/gm for lipid, and 4.1 kcal/gm for carbohydrate. The digestible energy content is calculated based on the ratio of the percentage of the different factions available to the fish for digestion.
Protein Energy
Protein is the most expensive source of energy in fish feed. Hence alternative, economical dietary proteins need to be identified to minimize the feed cost. The relationship between the protein and energy levels of feed is expressed as the Protein-to-Energy ratio (P:E), which is usually expressed in mg of protein per kcal of energy. Distillers dried grain is an important ingredient that should be considered for minimizing feed cost based on its availability and future production.
Lipid Energy
Lipid in fish feed has two principal functions: as an energy source and as a source of essential fatty acids. Fish cannot synthesize ω3 and ω6 amino acids, which are required for growth, and thus have to be supplemented in formulated feeds. The ω3 and ω6 amino acid contents of some oils commonly used for fish feed are given in Table 4 (Jauncey 1982). 
Carbohydrate Energy
The carbohydrate content of a feedstuff can be divided into digestible carbohydrates and fiber. Fiber is composed of complex polysaccharides which, in the case of plant material, is mainly cellulose. Fish do not have the enzyme cellulase, and thus cannot utilize cellulose. Thus for fish feed purposes, dietary fiber is considered to be unavailable to fish as an energy (Jauncey 1982).
Vitamins and Minerals
Fish, unlike most terrestrial animals, can absorb some minerals not only from the diet but also from the external aquatic environment (National Research Council, 1993) . Not much literature is available on the mineral requirements of tilapia fish, but as a rule of thumb, for tilapia the following minerals (Table 5) were mixed and added to feed at the rate of 2.5% of the total feed weight (Jauncey 1982). Vitamins are organic compounds required in trace amounts in the diet for normal growth, reproduction, and health. The complete knowledge on the appropriate amount and type of vitamins required for tilapia fish is not readily available (Jauncy 1982). However, as a thumb rule, a vitamin premix containing the following (Table 6 ) were prepared and added into the fish feed (National Research Council, 1977) . Helena et al. (2004) studied the graded levels of dietary inosital in Nile Tilapia fish in six isonitrogenous (38% crude protein), isocaloric (3300 kcal/Kg), purified diets. The results indicated that Nile Tilapia juveniles did not require an exogenous source of inosital for normal growth, feed utilization, or erythropoiesis. Additionally, supplementation of dietary inositol had no effect on improving the resistance of tilapia to S.iniae infection.
Level of Intake, Feeding Method, and Physiological State
Depending on feeding method, the fish feeding can be divided into three general categories: programmed feeding, ad libitum feeding, and demand feeding. Depending on the physiological state of tilapia fish, commercially available feeds are manufactured as summarized in Table 7 . 
Processing of Fish Feed
Pelleting and extruding are the two primary methods of feed processing that are used in the manufacture of fish feed.
Pelleting
Pelleting machines are used for onsite production of fish feed. Steam pelleting through compression, which involves the use of moisture, heat, and pressure to form solid homogenous particles, produces dense pellets that sinks rapidly in water. Steam added to the ground feed mixture during pelleting partially gelatinizes starch, which aids in the binding of the ingredients. Generally moisture content is increased to 15 to 18% by addition of steam at a temperature between 75 and 85°C, and is pressed through the pellet die. The pellets are then dried using air, and collected at the outlet. The water stability of the feed is increased by the addition of binding agents. Some of the commonly used binding agents used are listed in Table 8 (Lovel, 1989) . Das et al. (1993) prepared pellets from fish waste, pregelatinized wheat flour, and soya flour, and tested the resulting physical properties based on the temperature of added water and mixing time by response surface analysis. They found that mixing time plays an important role in determining pellet quality. 
Extruding
Extruders are high temperature, short time bioreactors that transform a variety of raw materials into modified intermediate and finished products. The advantages of the extrusion process include 1) Continuous high throughput processing; 2) Energy efficiency; 3) Processing of relatively dry viscous materials; 4) Improved textural and flavor characteristics; 5) Control of the thermal changes of material constituents; and 6) Use of unconventional ingredients. Extruders used in the food and feed industry can be generally divided into two types: single screw and twin screw.
The operation of single screw extruders depend upon the pressure requirement of the die, slip at the barrel wall, and the degree to which the screw is filled. Based on the direction of rotation, twin screw extruders are divided into counter rotating and corotating. Considering screw configuration and degree of intermeshing, twin screw extruders can be further divided into fully intermeshing, partially intermeshing, and non-intermeshing.
Fish feed requires different properties compared to feeds produced for terrestrial animals. Water stability of the feed material is one of the most important properties in determining the feed efficiency. There are several factors which contribute to the production of high quality aquaculture feeds in the extrusion process. These include various feed parameters and extrusion processing parameters.
Feed Parameters

Proximate components of extruded feed
Primary importance in fish feed formulation is achieving the required protein content by adjusting the feed ingredients and their respective levels. The amount of fat, fiber, and ash will play an important role in achieving the required properties of the feed. Moreover, the protein, fat, carbohydrate, and fiber components of the ingredients are key to pellet formation. Typical proximate components of extruded pelleted aquaculture feeds are given in Table 9 . 
Feed moisture content
The moisture content of the ingredients will play an important role in the determining the pellet durability and water solubility index. Water is a solvent, and the water soluble components in the feed may act as binders and increase the pellet durability. Rolfe et al. (2001) formulated fish feed in a MPF50/25 corotating intermeshing twin screw extruder with soybean meal, maize, wheat middlings, menhaden fish meal, beef tallow, Dicalcium phosphate, trace mineral mix, vitamin mix, and vitamin C. Even though there was no significant difference in the degree of starch gelatinization between feed moisture contents of 25% and 30%, the pellet durability and water solubility index of the 30% moisture feed pellets were significantly higher than the 25% feed moisture products.
Particle size distribution
Particle size distribution plays an important role in the final feed properties. Usually a finely ground feed will give a product with good water stability, water absorption index, expansion properties, and floatability. There has been much research work on the effect of particle size distribution on extruded products. Rolfe et al. (2001) studied the effect of particle size on the extruded catfish feed. They have reported that reducing the particle size form 1200 to 1700 µm decreased the die pressure and apparent bulk density but increased the product temperature, degree of starch gelatinization and water stability index.
Extruder parameters
Extrusion cooking is a complex process and is widely regarded as an art more than a science. There are a number of variables in the extruder that contribute to final feed quality. Much research work has been carried out in extrusion cooking on bioconversions, cooking of starchy products, protein reactions, flavor formation and retention, and nutritional aspects of extrusion cooking. Additionally, much information pertaining to aquaculture feed manufacturing is available in the literature; essential engineering parameters that contribute to the quality aquaculture feed will be discussed.
Feed rate
Feed rate, also known as mass flow rate, or throughput, is one of the most important factors in determining the production capacity of aquaculture feed processing. The feed rate of an extruder depends on the type of the screw element, operating screw speed, type of feeding element, and feed moisture content.
Type of screw, screw speed, and configuration
Single screw extruders are widely used in the feed industries due to lower initial investment and operating costs. The cost of installing a twin screw extruder can be twice as much as a single screw extruder. But, twin screw extruders do have many advantages compared to single screw extruders. Harper et al (1989) compared twin and single screw extruders, which is summarized in Table 10 . 
Temperature
Extruders are divided into different zones, depending on the temperature and screw elements present. Usually single screw extruders are divided into a feeding zone, transition zone, metering zone, and die zone. In twin screw extruders, the entire screw section consists of a conveying zone, kneading zone, reverse screw element zone, conveying zone, pressure zone, and die zone. Heater coils and thermocouples are typically provided to accurately control the temperatures in these various zones. During feed manufacturing, the temperature of the mix at the die is typically maintained between approximately 120 and 130°C. Usually in single screw extruders the temperature of the feeding zone is maintained at 95 to 125°C, transition zone at 105 to 135 °C and metering zone at 115 to 145°C. There are many combinations of temperatures, and it is possible to obtain an exit feed temperature between 100°C to 125°C (Desmond 2003) .
Much research has been conducted that has focused on developing aquaculture feeds using single and twin screw extrusion processing. Additionally, various authors have studied the effects of extrusion parameters, such as screw configuration, screw speed, specific feed rate, temperature, moisture content, particle size distribution, type and quantity of fat, starch and protein, etc., on the resulting quality of the finished extrudates. Avtar et al. (1994) used corn starch to study the effect of three kinds of screws (screws without mixing elements, screws with one mixing element, and screws with two mixing elements) in a Brabender single screw extruder. They studied the performance of the extruder by measuring specific mechanical energy, radial expansion, and overall expansion. They reported that the screw configuration had no significant effect on specific mechanical energy, radial expansion, or overall expansion, but significant difference in radial expansion was observed between the extruded and re-extruded corn starches. Thomas et al. (1997) studied the effect of water and steam addition in the preconditioner (prior to extrusion) on the Protein Dispersibility Index (PDI), Nitrogen Solubility Index (NSI) and Trypsin Inhibitor Activity (TIC) of the extruded product. The authors used a preconditioner to increase temperature and mixed steam and water so that the protein quality could be maintained after extrusion. They have found significant interactions between the water and steam content in all the experiments. Screw speed had no significant effect on the protein quality parameters.
The influence of processing conditions, including screw speed, temperature at the metering zone, and temperature at the die were studied (David et al. 1984 ) in a single screw extruder with wheat flour components, including wheat starch, vital gluten, and wheat flour solubles. The interactions of the process conditions and wheat flour components were studied in relation to torque, extrudate viscosity, water absorption index, and water solubility index. They found that the integral structure of wheat flour particles imparts a greater resistance to water penetration and cooking than when the individual components exists at random in composite formulations.
Functional properties, such as radial expansion, shear strength, water solubility of starch, apparent viscosity, macro molecular properties measured by differential scanning calorimetry and gel permeation chrotomatography were studied by Chinnaswamy et. al. (1990) . They conducted experiments at different moisture contents (10 to 30%) and barrel temperatures (110 to 200°C) and reported that a maximum expansion ratio of 16.4 was obtained with 50% natural amylase. Sodium bicarbonate degraded the starch molecules to a greater extent compared to sodium chloride and urea.
Micro structural, physiochemical, and macro molecular changes in extrusion cooked and retrograded corn starch was studied by Chinnaswamy et. al. (1989) . Experiments were conducted at a constant temperature of 140° C at the die section and 80°C at the feed section in a laboratory single screw Brabender extruder. Water solubility, shear strength, micro structure, and x-ray difractograms were studied on a single extrusion cooked, double extrusion cooked and retro graded starch. The expansion ratio dropped from 12.9 to 4.6, and the gas cell size decreased considerably. Water solubility decreased from 28.7 to 4.7%, and the shear strength increased from 0.64 to 5.24 Mpa. Case et al. (1992) studied the effect of degree of gelatinization on resulting physical properties such as bulk density and peak force at break in a crammer test. They prepared a half-cooked product followed by deep fat frying for testing the effect of gelatinization. To control the degree of gelatinization, screw speed varied from 50 to 175 rpm, barrel temperature from 60 to 120 °C, with feed rates of 5, 10 and 15 kg/hr. As the degree of gelatinization increased, the volume of puffed product increased, and bulk density decreased. The peak force for failure was observed to have a parabolic relationship with degree of gelatinization. Liang et al. (1994) studied the effect of barrel valve assembly in twin screw extrusion cooking of corn meal. Barrel valve assembly in twin screw extruders is a special arrangement used to adjust flow characteristics during operation without changing the screw configuration. The authors studied the effect of changing the barrel valve angle, screw speed, and specific feeding load on the motor torque, specific energy consumption, density, and breaking length. They concluded that variation in specific feed loading by changing feed rate or screw speed caused a more pronounced effect on product properties compared with barrel valve control.
The effect of lipids and processing conditions on the degree of starch gelatinization of extruded pet food was studied by Lin et al. (1997) . Fat was added in the form of beef tallow and poultry waste. Increasing the fat content significantly reduced the degree of gelatinization. Addition of beef tallow had significantly less degree of gelatinization compared to the poultry fat. Increasing the initial moisture content decreased degree of gelatinization.
In another study by the same authors (Lin et al.1998) , the authors studied the effect of lipids and processing conditions on the sensory characteristics of extruded dry pet food. The type and percentage of fat added (beef tallow or poultry waste) had a significant effect on sensory properties, including fatty, painty, cardbordy odors and oily surface characteristics. There were significant differences in these attributes over a period of time up to 14 months, and showed that the fatty portion undergoes oxidation during storage.
Physiochemical properties, such as density, solid density, apparent solid density, expansion ratio, open and closed pore volumes, water absorption index, and water solubility index, were studied by Jones, et al. (2000) Density was measured by volume displacement; solid density was measured by helium comparison pycnometer. The expansion ratio ranged from 1.0 to 17.3 (-). The densities of the product ranged from 0.08 to 1.44 g/cm 3 . The water solubility and water absorption index ranged from 6.3 to 86.4% and 2.5 to 6.3 (-) respectively.
The effect of screw configuration in a twin screw extruder was studied by Barres et al. (1990) . The authors used Clextral BC 45 and Clextral BC 72 twin screw extruders with 5 different screw configurations in each extruder. The rotational speed and feed rate were tested in the range of 150 to 250 rpm and 10 to 90 kg/hr for the BC 45, and 80 to 230 rpm and 80 to 160 kg/hr for the BC 72. The effects were measured by starch solubility measurements. They reported that reverse screw elements played a major role in solubility of the extruded products. Varying the feed rate produce more effects in terms of product transformations than varying the screw speed. The level of transformation correlated well with energy input to the extruder.
Fish Feed Extrusion and Feed Properties
Depending on specific feeding methods used, various forms of feeds, such as extrudedfloating, extruded non-floating, steam pelleted, large crumbles, small crumbles, coarse meal, etc., are manufactured and available in the marketplace. Important physical properties of fish Pellet Durability Rolfe et al. (2001) determined pellet durability using the modified method followed of Thomas and Van der Poel (1996) . This consisted of placing 172 g of sample into a 3.79 L cylindrical container (15.3 cm. diameter x 22.23 cm) along with six hexagonal bolts (0.79 cm diameter x 5.08 cm). This container was then placed into a PVC coupler (15.2 cm diameter) and anchored in place with metal L-angle brackets. Six PVC couplers were mounted next to each other on the same axis that was attached to a metal stand with two bearings. At one end of the stand, the axis extended to the outside of the bearing and had a bracket that was chain linked to a 186.5 W (1/4 hp) variable speed D.C. motor (General electric, Fort Wayne, IN) . Thus all six cylinders could be tumbled from end to end simultaneously. The pellets were tumbled at 50 rpm for 10 min. The pellets were then sieved through a U.S. No. 3 ½ mesh screen to remove any broken pellets (McEllhinery, 1985) . The pellets that remained on the screen were re-weighed. Hilton et al. (1981) examined pellet durability by the following method. Approximately 250 g of feed was screened on a US No.4 sieve for 1 min. to remove the crumbles and fines. Two hundred grams of prescreened feed was placed with 20 bolts (5/16" threaded bolts, ¾" in length, with a total weight of 200 g) on a No.4 sieve which was stacked on sieves No. 8, 12, 16, 20 and 30 , and then shaken for 20 min. on a Tyler sieve shaker (Model RX-24). Seven fractions of feed on each of the six sieves, plus the fines which passed through all screens, were weighed and the weight calculated as a percentage of all the total feed recovered. Dust which collected on the sieve wires and walls of screens was brushed off and weighed with the fraction which passed through the No.30 sieve, and was included in the fines. The fractions which remained on the No.4 and 7 sieves were added and expressed as >2.38 mm, while the feed passing No.30 sieves was described as <0.6 mm fines. Rolfe et al. (2001) determined water stability index (WSI) by an apparatus fabricated similar to the one constructed by McKee (1988) . The sample was placed into a plastic container, 7cm x 7.4 cm x 11.4 cm long having a 40 mesh wire bottom. Twenty four containers were placed into a rack which was suspended by nylon ropes, which were attached to a chaindriven shaft which raised and lowered the rack into a 95 L polypropylene tank which was filled with deionised water. A 90 V, DC motor controlled the shaft movement, providing a constant rate of travel; a computer attached to the motor controlled the time the motor ran, which in turn controlled the distance the rack was lowered. The rack was lowered into the water, and every 15 min the rack was raised up 3 cm; this pattern was repeated throughout the duration of the test, so that the pellets were all on the surface of the water by completion. Two replications were performed for each treatment. Dry matter loss and WSI were calculated and corrected for initial and final moisture as: 
Water Stability Index
Conclusions
Distillers dried grains with solubles is very good source as a base material for aquaculture feed production based on its nutritional qualities. The nutritional requirements of tilapia vary, depending upon the physiological state of fish. For tilapia, a protein to energy ratio of 30% protein with an energy content of 290 kcal/100 grams is sufficient to produce optimum net weight gain and protein conversion ratio. Essential feed and machine parameters that must be optimized to produce high quality aquaculture feeds include moisture content, particle size distribution, and temperature during processing. The important feed properties that affect feed efficiency are bulk density, porosity, water absorption index, water stability index and floatability. Single screw extruding can be used to manufacture aquaculture feed with optimum physical properties for maximizing the feed efficiency. This paper has discussed several of these topics, and thus should be a vital reference for those interested in producing aquaculture feeds from distillers grains.
